The strength of promoters recognized by Eu70, the most abundant of the E. coli RNAP holoenzymes, can be correlated to a considerable extent with their similarity to consensus recognition hexamers in the core promoter region, centered approximately 10 and 35 bp upstream of the start site of transcription, and the spacing between these hexamers (1) . Nevertheless, it has been proposed that sequences outside of the core promoter region can modulate promoter activity (2 (3) (4) (5) (6) (7) (8) (9) , and regions rich in (A + T) have been noted upstream of many promoters (2, 10, 1 1).
The rrnB P1 promoter is representative of a class of seven rRNA promoters in E. coli that together account for more than half of the transcription in the cell at high growth rates (12) . Although the rrnB P1 core promoter is sufficient for specific initiation and for response to the two systems known to regulate transcription under different nutritional conditions-namely, growth rate-dependent control and stringent control (13, 14) -the region upstream of the core promoter is largely responsible for its high activity (4, 9, 13, 15, 16) . A 20-base pair (bp) region rich in (A + T), to which we refer as the upstream (UP) element, is located immediately upstream of the core promoter (Fig. 1) . The UP element increases rrnB P1 activity by a factor of at least 30 in the absence of protein factors other than RNAP (9, 17) . The UP element is protected by RNAP in footprinting experiments, and replacement of the UP element with non-rrnB DNA results in severe reduction of protection in the upstream region (8, 18, 19) . Therefore, the core and UP element together can be considered an extended promoter ( Fig. 1 ) (9) . The region adjacent to the UP element (between bp -60 and bp -150) contains binding sites for the activator protein Fis, which results in increasing the activity of the promoter by a factor of 10 (8, 16, 20, 21) . Fis is not required for stimulation of transcription by the UP element (9) .
The a70 subunit of RNAP holoenzyme (aA32I'u) interacts with the -10 and -35 hexamers (22 retain wild-type catalytic activity (23) and, although they are defective in response to some transcription factors, the reconstituted mutant holoenzymes can initiate transcription at many promoters (23, 24, 26, 28) . Strains containing these deletions are not viable in the absence of a wild-type a gene (rpoA), however, implying loss of an essential function (27) .
Loss of UP element function in vitro and in vivo with a-mutant RNAPs. The effect of mutations in the COOH-terminal region of the a subunit on UP elementdependent stimulation of rrnB P1 transcription was tested in vitro with RNAPs reconstituted from purified subunits (23, 29 ). An rrnB P1 promoter, either containing or lacking the UP element, was inserted upstream of a transcription termination signal on supercoiled plasmids. The transcripts from these promoters were examined by denaturing gel electrophoresis (Fig. 2) . With wild-type RNAP, the promoter containing the UP element (-88) was much more efficient than either of two promoters in which other sequences were substituted in place of the UP element (SUB or -41) ( Fig. 2A, lanes 1 to 6) ed by the plasmid vector were generated in these experiments: RNA-I, a 108-nucleotide (nt) RNA from the plasmid origin of replication (35), and a set of larger transcripts (Fig. 2, A and B, lanes 9 and 10; Fig.   2C ). RNA-I was transcribed efficiently by each of the mutant RNAPs. However, the larger transcripts were very inefficiently produced by the mutant enzymes and are discussed below. The UP element is a separable promoter module that increases the activity of the lac core promoter in an rrnB-lac hybrid construct (9) , and of the lacUV5 core sequence in a similar hybrid promoter (Fig. 3, lanes 1  to 4) The failure of RNAPs with mutant a subunits to utilize the UP element of the rrnB P1 promoter in vitro (Figs. 2 and 3) suggested that the mutant rpoA alleles should affect expression from promoters with UP elements in vivo. RNAP containing mutant a subunits, which were ex- (23, 32) and promoters carried on supercoiled plasmid DNA templates, were as indicated above each lane. Transcription reactions and denaturing gel electrophoresis were as described (20, 29) . No Fis was present; promoters were -88: -88 to +1 rrnB P1, containing the UP element (pRLG862) (20) ; SUB: -88 to +1 rrnB P1 with the non-rrnB sequence 5'-GACTGCAGTGG-TACCTAGG-3' substituted for the UP element sequence from -59 to -41 (pLR14) (9); -41: -41 to +1 rrnB P1, lacking the UP element, with vector sequence upstream of -41 (pWR55) (29); lacUV5, -60 to +40 (pRLG593) (20) . Vector lanes contained pRLG770 with no promoter insert (20) . Transcripts from rrnB P1 (-170 nt), or from lacUV5 (-210 nt) (which end at the rrnB T1 terminator in the vector), and the vector-derived RNA-I transcript (35), are indicated with arrows. Concentrations of mutant and wild-type RNAPs (29), chosen to give similar amounts of lacUV5 transcription (49) , were (A) 2.6 nM wild-type RNAP; (B) 5.3 nM a-235 RNAP; (C) 0.8 nM wild-type or 0.8 nM R265C RNAP. The UP element did not stimulate transcription by the mutant RNAPs at any RNAP concentration tested (29). Fig. 3 . In vitro transcription of an rrnB P1 -lacUV5 hybrid promoter or of the lacUV5 promoter with reconstituted wild-type or a-256 RNAPs. The hybrid promoter consists of rrnB P1 upstream sequence (-88 to -37, containing the UP element) and lacUV5 core region sequence (-36 to +40) (29). The lacUV5 promoter, -60 to +40 (20) , has its naturally occurring upstream sequences. The promoter and RNAP are indicated above each lane. Transcripts from the hybrid, lacUV5 or RNA-I promoters are indicated with arrows (see Fig. 2 ). Transcription and gel electrophoresis conditions were as described (29) . No Fis was present. Wild-type and a-256 RNAPs were used at 1.3 nM and 5.4 nM, respectively (49) . The UP element did not stimulate hybrid promoter transcription at any mutant RNAP concentration tested (29).
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LacUV5 -* RNA-1 * pressed from plasmid encoded rpoA alleles and shown previously to assemble into holoenzyme in vivo (27, 32) , were predicted to interfere in vivo with the function of RNAP containing wild-type a subunits (expressed from the chromosome) in the expression of an rrnB P1 promoter containing the UP element. The rrnB P1 promoter activity was monitored by measuring ,B-galactosidase activity from chromosomal rrnB P1 promoter-lacZ fusions ( Table 1 ). The activity of the promoter containing the UP element (-61) was four to five times lower with each of the mutant alleles (Table 1 , column 3). In contrast, the activity of the rrnB P1 promoter derivative lacking the UP element (-41) was not reduced, and in fact was approximately two times higher (Table 1 , column 4) (36), indicating that production of the mutant subunits did not exert a nonspecific inhibitory effect on transcription.
The effect of the UP element on rrnB P1 promoter function in vivo is defined as the ratio of the activities of rrnB P1 promoters containing or lacking the element. In control strains containing wildtype rpoA alleles on both the plasmid and the chromosome, this ratio was 36 (Table  1 , column 5), which is consistent with previous results (9) . Expression of the mutant rpoA alleles reduced this ratio to about 4 (36). Thus, the COOH-terminal region of the a subunit was essential for the function of the UP element in transcription in vivo as well as in vitro. promoter, lacking the UP element (9)], and carrying mutant or wild-type rpoA alleles expressed from the inducible tac promoter on multicopy plasmids (27, 32) (20) ] determined in the presence of each plasmid, and are the average of two determinations. The reduction in activity of the -61 promoter, and in the -61/-41 promoter activity ratios in the presence of the mutant a alleles varied by less than 10 percent in the two experiments. The rpoA plasmids were pLAW2, wild-type rpoA (32); pLAMC9, rpoAl29 encoding the R265C a mutation, (32); pLAX185, wild-type rpoA (27) ; pLAD235 encoding the a-235 protein (27) ; and pLAD256, encoding the a-256 protein (27 (Fig. 4) (37) . Both the wild-type and the mutant RNAPs protected the core promoter region (-35 region to +20), but the two enzymes differed in their ability to protect the UP element. Cleavage of (A + T)-rich DNA by deoxyribonuclease I (DNase I) is relatively inefficient (38), but all DNase I accessible positions on each strand in the UP element region were protected by wildtype RNAP (8, 18, 19) (Fig. 4, A and B;  Fig. 5B ). In contrast, there was no evidence of protection in the UP element region by the mutant RNAPs (Fig. 4, A and B) (39) . Hydroxyl radical footprinting experiments also indicated that the pattern of protection in the -40 to -60 region was altered by the mutant RNAPs; on both strands (Fig.  4 , D and E), wild-type RNAP protected a 4-to 5-bp interval in the -50 to -55 region. However, the mutant RNAPs did not protect this region at all on the top strand, and on the bottom strand protection was significantly weaker than with the wild-type RNAP (39).
In contrast with the results obtained with the rrnB P1 promoter containing the UP element, DNase I footprints of an rrnB P1 core promoter derivative lacking the UP element (-41 to + 1) showed little protection by either wild-type or mutant RNAP in the -40 to -60 region (Fig. 4C) . Similarly, little protection was observed in the -40 to -60 region of the lacUV5 promoter (31, 40). The subtle differences between the wild-type and mutant RNAP footprints in the -40 to -60 region of these two promoters (Fig. 4C) (31, 40) may reflect weak interactions of RNAP with DNA upstream of the -35 region in promoters lacking specific UP element sequences (39).
The transcription and footprinting results with RNA polymerases containing COOH-terminal deletions in the ax subunit suggested that a might interact directly with the UP element. We found that purified a specifically protected a 25-bp segment containing the UP element of the rrnB P1 promoter (from -60 to approximately -35 on each strand) in DNase I footprinting experiments (Fig. 5,  A and B) (41) . The a subunit did not protect the core promoter region or an rrnB P1 promoter fragment lacking the UP element. The footprint with purified a extended slightly further upstream than that with RNAP holoenzyme (Fig. 5B) , perhaps reflecting conformational differences in the a subunit when it is present in holoenzyme. We conclude that a is a site-specific DNA binding protein, and that the requirement for the COOH-terminal region of a in utilization of the UP element reflects direct interactions between a and upstream DNA.
The molecular details of the site-specific interaction between a and the UP element are not yet known. The Arg265 residue (Fig.  2C) -36.
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-63--75. (45) . These observations suggest that UP-like elements that interact with the a subunit might play a role in transcription from other promoters. We present evidence for such elements in three other E. coli promoters: rrnB P2, leuV and RNA II. In the rrnB P2 promoter, the region upstream of the -35 hexamer significantly increases promoter activity in vivo (46) . An rrnB P2 promoter extending to -68 was more efficiently expressed by wild-type RNAP in vitro than was an rrnB P2 promoter extending only to -39 (Fig.  6A ). This increased efficiency was not observed with the RNAPs containing the mutant a subunits a-235, a-256, or R265C (Fig. 6A) (31) ; both the -68 and the -39 promoters were transcribed with the same low efficiency. Thus, the efficiency of rrnB P2 is due at least in part to a factor-independent effect of upstream DNA (an UP element) whose function requires the COOH-terminus of a.
The yield of a large plasmid vectorderived transcript was severely reduced relative to that of other promoters (lacUV5 and RNA-I) in transcription reactions with the mutant RNAPs (Fig. 2, A and B ). The heterogeneity and RNase H sensitivity of this transcript suggested that it might be the RNA-II transcript from the plasmid origin of replication (31, 47). Therefore, the RNA-II promoter was inserted into the same vector as used above (29), and transcribed with the wild-type and mutant RNAPs. Transcription from the RNA-II promoter was dependent on the COOHterminus of a (Fig. 6B) (31) . Similarly, the leuV tRNA (transfer RNA) promoter (48) , was less efficiently transcribed with the mutant than with the wild-type RNAPs although the effect of the a mutations on leuV was not as great as on the rrnB P1 or RNA-II promoters (Fig. 6C) .
The specific regions of the RNA-II and leuV promoters that are responsible for their dependence on the COOH-terminus of a have not been defined although by analogy with the rrnB P1 and P2 promoters (Figs. 2  and 6A ) sequences upstream of the -35 region are likely to be involved. Consistent with this interpretation, sequences between -39 and -47 in the leuV promoter were previously shown to increase activity by a factor of 3 in vivo (48) .
Some promoters appear to have a much smaller requirement, if any, for the COOHterminal portion of ax, for example, lacUV5
and RNA-I (Fig. 2) (23, 24) . However, analysis of deletion derivatives of such promoters would be necessary to determine whether upstream sequences in these pro- moters have any effect on transcription at all, and whether utilization of the upstream sequences requires the COOH-terminus of ao (49) . The subtle differences in footprint protection of the -50 region of the lacUV5
promoter by wild-type and at-mutant RNAPs (31, 40) suggest that the upstream sequences may play some, although probably a much smaller, role in its activity.
In rrnB P1, the UP element is located between -40 and -60. However, rrnB P1 promoters lacking the upstream half of the UP element (extending only to -50 or -48) have transcription activities intermediate between promoters lacking (-41) or containing (-61) the full UP element (9, 31) . In addition, the upstream section of the rrnB P1 UP element retains full activity in stimulating transcription and is specifically protected by RNAP in footprints when it is displaced upstream by one helical turn (11 bp) with an insertion at -46 (8 Sequences rich in (A + T) in upstream promoter elements. Although the a subunit recognizes the rrnB P1 UP element, the precise sequence or structure (or both) that is recognized has yet to be defined. The DNA sequences of the four promoters for which we have identified a requirement for the COOH-terminus of a were aligned according to their -35 hexamers (Fig. 7A) . Three of the upstream regions are very rich in (A + T), but no obvious consensus sequence is evident from this comparison. The leuV promoter, which had a lesser requirement for the COOH-terminus of a (Fig. 6C) , is (A + T) rich only in its -40 to -50 region. In contrast, the upstream regions of the promoters in this study whose function is relatively independent of the COOH-terminus of a are not particularly rich in (A + T) [lacUV5, RNA-I, and four upstream deletion derivatives of the rrnB P1 or P2 promoters (Fig. 7B) (3, 6, 51) . Increased promoter activity associated with naturally occurring or syn--htcpae rct a enatiue thetic phased A tracts has been attributed to effects of DNA bending (3, 7, 52). Our results suggest that, in at least some cases, the (A + T)-rich or curved DNA sequences present upstream of core promoters may contain specific binding sites for the a subunit of RNAP and that the a-DNA interactions might account for the effect of these sequences on transcription. At some promoters, DNA curvature might be required to facilitate the a-DNA interactions. Alternatively, the curvature detected in upstream regions may not precisely coincide with the specific sequence features that increase transcription. For example, the pronounced bend in the rrnB P1 promoter region previously detected by electrophoretic mobility analysis (13) lies well upstream of both the UP element and the principal Fis binding site (53) , and thus does not appear to play a significant role in promoter activity. Nevertheless, although the UP element region of rrnB P1 itself does not display gross abnormalities in electrophoretic mobility (53) , unusual structural characteristics in this (A + T)-rich sequence could be related to its recognition by RNAP. Role of the UP element in positive control by activator proteins. The COOHterminus of a is required for activation of transcription in vitro by a class of positive activator proteins (Class I activators), which have binding sites upstream of the core promoter region (23, 24, 26, 33, 54, 55) . However, we found that Fis, a positive activator of rrnB P1 with a binding site centered at -71 ( Fig. 1) 
